Purpose The aim of this study was to evaluate the clinical usefulness of additional low-dose high-resolution lung computed tomography (LD-HRCT) combined with Results Of the 120 nodules in the 25 patients with ≤5 metastatic lung nodules, 66 nodules were diagnosed as metastatic. Eleven of the 66 nodules were confirmed histopathologically and the others were diagnosed by clinical follow-up. Conventional lung setting image of 18 F-FDG PET/ CT detected 40 of the 66 nodules and additional LD-HRCT detected 55 nodules. All 15 nodules missed by conventional lung setting imaging but detected by additional LD-HRCT were<1 cm in size. The sensitivity, specificity, and diagnostic accuracy of the modalities were 60.6 %, 85.2 %, and 71.1 % for conventional lung setting image and 83.3 %, 88.9 %, and 85.8 % for additional LD-HRCT. By ROC analysis, the area under the ROC curve (AUC) of conventional lung setting image and additional LD-HRCT were 0.712 and 0.827 respectively. Conclusion Additional LD-HRCT with maximum inspiration was superior to conventional lung setting image of 18 F-FDG PET/CT for the detection of metastatic lung nodules from colorectal cancer (P < 0.05).
Introduction
It is widely known that the lungs are the second most common site of metastasis from colorectal cancer after the liver. About 10-30 % of patients with colorectal cancer develop pulmonary metastases, and 2-4 % of patients with colorectal cancer have metastasis confined to the lungs [1] [2] [3] [4] [5] [6] . After Thomford et al. [7] reported the principles of metastatic lung tumor resection in 1965, metastasectomy has been accepted by most surgeons as a potential curative option. Despite the development of novel chemotherapeutic and biologic agents, surgical resection is the most effective treatment for patients with pulmonary metastases [8] . While pulmonary resection for multiple or bilateral lesions remains controversial, the resection of solitary lung metastasis is generally accepted by physicians [9] . It is widely held that up to three metastatic lung nodules are resectable; however, more than three metastatic nodules are not considered an absolute contraindication. Furthermore, over past decades, the indications of surgery for metastatic lung nodules have been extended [9] .
In colorectal cancer patients with only lung metastases, surgery provides a 5-year survival rate of 20-68 %, whereas patients with untreated lung metastasis show a median survival of less than 10 months with a 5-year survival probability of less than 5 % [10] [11] [12] [13] [14] [15] . Therefore, the early detection and proper management of pulmonary metastasis are essential in patients with colorectal cancer.
In recent years, 18 F-fluoro-2-deoxyglucose positron emission tomography with computed tomography ( 18 F-FDG PET/CT) has been used as a promising tool for the detection of primary and metastatic lesions in the various types of malignancies, including colorectal cancer [16] [17] [18] [19] [20] [21] [22] . Most patients with colorectal cancer undergo spiral chest CT in addition to 18 F-FDG PET/CT for the surveillance of lung metastasis. However, this can be timeconsuming and increase radiation exposure. Therefore, we evaluated the clinical advantages of additional low-dose high-resolution lung CT (LD-HRCT) combined with 18 F-FDG PET/CT over conventional lung setting image of 18 F-FDG PET/CT for the detection of metastatic lung nodules from colorectal cancer.
Materials and Methods

Patients
From January 2011 to September 2011, 649 patients with colorectal cancer were referred to our nuclear medicine department for 18 F-FDG PET/CT staging. All patients underwent additional LD-HRCT combined with 18 F-FDG PET/CT. Forty-five patients were finally diagnosed with lung metastasis. Final diagnosis was made based on histopathologic findings or clinical follow-up results. Twenty-five of the 45 patients had ≤5 metastatic lung nodules and the other 20 patients had >5 metastatic nodules. Finally, 120 lung nodules in the 25 patients with ≤5 metastatic nodules were enrolled in this study. This retrospective study was reviewed and approved by the institutional review board at our hospital (CUH 2014-12-025-002).
Imaging Acquisition
All patients fasted for at least 6 h prior to an intravenous injection of technique (120 kVp, 160 mA, 0.5 s rotation time), and a PET scan was then acquired in three-dimensional mode at 2-3 min per bed position. After the acquisition of the PET scan, additional LD-HRCT was performed at maximum inspiration (120 kVp, 120 mA, 0.5 s rotation time). The obtained PET data were reconstructed iteratively using an ordered-subset expectation maximization algorithm and initial CT data were used for attenuation correction.
Image Interpretation
Image analysis was performed by two nuclear medicine physicians. One hundred and twenty nodules in 25 patients were evaluated on conventional lung setting image of 18 F-FDG PET/CT and on additional LD-HRCT. Conventional lung setting image is the lung setting image of the CT portion of whole body PET/CT with normal shallow respiration and additional LD-HRCT is obtained at maximum inspiration. The sizes, numbers, locations, and shape of lung nodules were recorded and used to determine nodule status (benign or metastatic). Disagreements were resolved by consensus.
Statistical Analysis
Sensitivities, specificities, diagnostic accuracies, positive predictive values (PPVs), and negative predictive values (NPVs) were calculated using standard formulae. The McNemar test was performed to determine the significances of differences between the two modalities. Receiver-operating characteristic (ROC) analysis was performed to compare diagnostic performances. The significance of differences between areas under the two ROC curves was calculated using the Hanley and McNeil method. The analysis was performed using MedCalc software and statistical significance was accepted for P value <0.05.
Results
Patient Characteristics
Patient characteristics are summarized in Table 1 . Mean age was 63.4 (range, 42-79) years and 64 % of patients were male. Of the 25 patients with lung metastasis, 6 patients had metastasis confined to the lungs. The other 19 patients also had metastases to other organs such as liver, adrenal gland, bone, or brain. Based on colonoscopic and operative findings, 16 patients (64 %) had a rectal malignancy, 6 (24 %) had a rectosigmoid or sigmoid malignancy, and the other 3 (12 %) had an ascending, transverse, or descending colon malignancy. Most common TNM stage and histologic grade were T3N0 and moderate differentiation.
Diagnostic Performances
Of the 120 nodules of the 25 patients, 66 were diagnosed as metastatic. Eleven of the 66 nodules were confirmed histopathologically and the others were diagnosed by clin- Figures 1 and 2 show the advantage of additional LD-HRCT over conventional lung setting image. The sensitivity, specificity, and diagnostic accuracy of the modalities were 60.6 %, 85.2 %, and 71.1 % for conventional lung setting image and 83.3 %, 88.9 %, and 85.8 % for additional LD-HRCT (Table 2) . In ROC analysis, the areas under the curves (AUCs) of conventional lung setting image and additional LD-HRCT were 0.712 and 0.827 respectively and these values were significantly different (Table 3 and Fig. 3) .
Discussion
Many studies have demonstrated the clinical usefulness of 18 F-FDG PET/CT for the staging and surveillance of recurrence in patients with colorectal cancer [20] [21] [22] . However, although 18 F-FDG PET/CT provides information regarding whole-body metastatic status, most patients with colorectal cancer undergo high-resolution or spiral chest CT for the evaluation of lung metastasis. In the present study, we attempted to determine the clinical value of additional LD-HRCT combined with 18 F-FDG PET/CT for the detection of metastatic lung nodules from colorectal cancer. We enrolled patients with less than or equal to five metastatic lung nodules. Although, it is widely believed that three metastatic nodules are resectable, in recent years, more than three nodules have been treated by metastasectomy when residual lung capacity can be preserved [9] . If pulmonary resection is planned for patients with lung metastases from colorectal cancer, it is critical that no nodule is missed and thus, image modalities with superior diagnostic performance are required.
Additional radiation exposure was calculated in all patients and it was found to range from 3.5 to 4.0 mSv (average, 3.84± 0.59 mSv). Because modern high-resolution CT (HRCT) units expose patients from 5.0 to 6.0 mSv, and thus, additional LD-HRCT with these units do not expose patients to excessive radiation.
In the present study, of the 25 patients with lung metastasis from a colorectal malignancy, 16 (64 %) had a rectal malignancy. This large portion of patients with a rectal malignancy appears to be related with venous drainage. Rectal malignancies more frequently give rise to pulmonary metastases because of the dual drainages of the inferior vena cava and portal F-FDG PET/CT and the additional low-dose high-resolution lung CT were 0.712 and 0.827, which represented a significant difference venous system. This caval venous drainage can cause cancerous cells to enter the pulmonary arterial system, whereas venous drainage from other colonic regions is usually along the superior mesenteric and inferior mesenteric veins to the portal vein, which enters the liver first.
This study has several limitations. Firstly, it is limited by its retrospective design and by the relatively small number of patients enrolled. Second, only 11 of 66 lung nodules (16.7 %) were histopathologically confirmed and most nodules were diagnosed by clinical follow-up. Although not all lesions were histopathologically confirmed, we diagnosed nodules as benign or metastatic based on strict consensus, which defined benign nodule as one that remained unchanged in size, shape, and nature for at least 1 year. Another limitation is that we included patients with metastasis to other organs, such as liver, adrenal gland, bone, and brain. In these patients, finding metastatic lung nodules would not affect treatment protocol and might not influence overall outcome. Nevertheless, this pilot study is the first to investigate the potential benefits of additional LD-HRCT at maximum inspiration in addition to 18 F-FDG PET/CT.
Conclusion
A One-Stop-Shop additional LD-HRCT combined with 18 F-FDG PET/CT was found to be superior to conventional lung setting image of 18 F-FDG PET/CT for the detection of metastatic lung nodules in subcentimeter size from colorectal cancer. We believed that this diagnostic protocol could be timesaving and cost-effective and reduce radiation exposure for patients who are suspicious of lung metastasis compared with 18 F-FDG PET/CT combined with modern high-resolution CT or enhanced chest CT.
